The desire for biomarkers for diagnosis and prognosis of diseases has never been greater. With the availability of genome data and an increased availability of proteome data, the discovery of biomarkers has become increasingly feasible. However, the task is daunting and requires collaborations among researchers working in the fields of transplantation, immunology, genetics, molecular biology, biostatistics, and bioinformatics. With the advancement of high throughput omic techniques such as genomics and proteomics (collectively known as proteogenomics), efforts have been made to develop diagnostic tools from new and to-be discovered biomarkers. Yet biomarker validation, particularly in organ transplantation, remains challenging because of the lack of a true gold standard for diagnostic categories and analytical bottlenecks that face highthroughput data deconvolution. Even though microarray technique is relatively mature, proteomics is still growing with regards to data normalization and analysis methods. Study design, sample selection, and rigorous data analysis are the critical issues for biomarker discovery using highthroughout proteogenomic technologies that combine the use and strengths of both genomics and proteomics. In this review, we look into the current status and latest developments in the field of biomarker discovery using genomics and proteomics related to organ transplantation, with an emphasis on the evolution of proteomic technologies.
Biomarkers for monitoring graft injury and survival course in the field of solid organ transplantation can be sought with the help of high throughput proteogenomic techniques ( Figure 1 ).
These biomarkers could be a single or a panel of mRNA transcripts, proteins, or peptide fragments. The emerging field of metabolomics can also examine a metabolite or a panel of these molecules. An ideal biomarker in the field of organ transplant would be able to predict outcomes prior to and after transplantation; predict the onset and the severity of specific events such as acute and chronic graft rejection and infection; as well as predict the specific injury responses to immunosuppressive medications. Another need in transplantation is the ability to customize the dose (or load) of immunosuppression for the patient-i.e.,finding the individual threshold between rejection and infection so that the individual can avoid allorecognition and retain normal infectious immunity. The examination of patients with spontaneous operational tolerance [1, 2] has allowed for identification of a highly regulated gene set in peripheral blood. This may also bring biomarkers into clinical monitoring for customizing patient immunosuppression.
The hunt for biomarkers in the field of organ transplantation has been extraordinarily difficult. The primary problem lies with not having a true gold standard for the classification of different etiologies of graft dysfunction. The transplant biopsy faces many dilemmas: (1) it samples a fraction of the kidney while the underlying process of injury is often patchy (e.g. drug related injury, acute rejection); (2) the fraction of sample processed for biomarker studies is separate and often disparate from the tissue sample processed for histology; (3) the limited amount of tissue received from human transplant studies limits dissection of samples to examine specific cellular compartments or specific infiltrating cells; (4) the heterogeneity of the underlying process may not be recognized by pathology [3] ; (5) there is inter-observer variability in pathological diagnosis [4] ; (6) chronic graft injury is often pooled together but etiologies for that injury may be highly variable and may be driven by different mechanisms. This may thus require different biomarkers for graft monitoring. This lack of a true gold standard in transplantation thus creates the first hurdle in high throughput technology to analyze genome wide differences in genes or proteins. If the input data is flawed, can we expect meaningful output measures with relevant clinical correlations? An additional problem lies in the heterogeneity of the patients, and the source of tissues for the biomarker studies.
With the evolution of immunosuppression over the last decade, we have been flooded with multiple choices of immunosuppressive drugs. Thus, biomarkers in transplantation have to transcend differences in immunosuppressive drugs in order to be correlative with the health of the transplant. As the proteogenomic technologies are also expensive and time consuming, application of these strategies to very large patient sample numbers a daunting task. Selection of biomarker molecules is a critical step when building predictors of disease state based on gene expression data. Even though several univariate and multivariate gene selection approaches have been proposed, it is hard to make a fair comparison of the available results. This is a result of biased validation set and relatively small datasets [5] . Such small patient group size is one of the main reasons why gene data from a training group may not apply to a different validation patient sample set, when the second set is different in multiple parameters including demographics and treatment. An approach that combines data from individual research groups conducted on similar disease conditions and uses it for analyses could remedy this issue.
In a recent report Kong et al [6] applied a non-parametric meta-analysis approach for combining independent microarray datasets pertaining to chronic allograft nephropathy (CAN). The work used non-parametric meta-analysis approach on two CAN studies, and identified 309 distinct genes that expressed differently in CAN. With the help of Fisher's exact test, the study found 6 KEGG pathways to be over-represented among the identified genes [6] . Another approach that utilized a unified framework for finding differentially expressed genes (DEG) has been shown to be better than other gene selection methods [7] . A framework for this kind of approach can use the following modules: (i) gene rankingusing two gene selection algorithms, namely, a) two-way clustering and b) combined adaptive ranking to rank the genes, ii) significance analysis of genes -converting the gene ranks into p-values (iii) validation -using -three fold validations of the obtained DEGs selected by false discovery rates (FDR) analysis [7] .
From transcription to translation
Microarrays can interrogate gene expression profiles in various systems that range from bacteria to humans. Microarray technology is still evolving, and has progressed from early technology using nylon membranes to the current state of the art using glass wafers. As a result, many studies are being done ranging from basic science to clinical applications in cancer, diabetes and acute rejection of allograft in transplant. The publication of tens of thousands of research articles using the microarray technique since the appearance of the first paper in 1995 demonstrates its influence and impact on current biological research [8] .
Several commercial arrays are currently available for researchers. Among these widely used platforms are: Affymetrix geneChips® (Affymetrix Inc, Santa Clara, CA), Agilent oligonucleotide microarrays (Agilent technologies, Palo Alto, CA), Illumina (Illumina Inc., San Diego, CA), and Nimblegen (Nutley, NJ). It is now widely accepted that each of these platforms have their own strengths and weaknesses. The researcher must choose the appropriate platform based on his/her priorities. We have seen the array technology platform along with several other genomic techniques evolve in recent years. For example, single nucleotide polymorphism (SNP) arrays detect SNPs of human genome [9] , aberrations in methylation patterns [10] , alterations in gene copy-number [11] alternative RNA splicing [12] are now available. Details on issues in the most recently published microarray studies relevant to human organ transplantation and experimental models in transplantation, are summarized in recent reviews [13] [14] [15] [16] .
In this review, our primary focus will be on proteomic technologies and their applications to organ transplantation. The field of proteomics involves identification and characterization of the proteins encoded by the genome. Traditionally, methods such as western blot and immunohistochemistry (IHC) were applied to detect and quantify proteins. Such techniques relied on the availability of respective antibodies, and required a relatively large protein quantity. Sophistication in chromatographic techniques and the emergence of powerful mass spectrometers has allowed for monitoring and analysis of thousands of proteins in a relatively short period of time with highly sensitive detection. The mass spectrometers provide mass to charge (m/z) ratio for the protein or the peptide being analyzed. The m/z obtained from mass spectrometers then is used to identify and quantify proteins and peptides using bioinformatics tools.
The power of two techniques
The gene expression profile for a particular gene may not necessarily correlate with the corresponding level of protein [17] . However, when possible, it adds to the power of discovery if the two or more methods can verify the presence or absence of the altered level of mRNA and its corresponding protein. After the initial phase of screening of mRNA transcript biomarker and protein biomarker, an effort to integrate such data can shed light on many questions currently unanswered. One such example is shown in Figure 2 . The urinary β2-microglobulin has been reported as a potential biomarker by Oetting et al [18] . When we analyzed the microarray data published from our lab by Sarwal et al in 2003 [3] the expression level of β2-microglobulin gene was significantly increased among patients with specific kinds of acute rejections (AR-I and AR-II, [3] . When we immunoassayed the level of intact β2-microglobulin in an independent set of patients with AR (n = 20) and stable graft function (n = 20), the change in the level in between AR and stable graft function was found to be significant (P <0.02) (Figure 2 ). In a novel attempt using integrative proteomics and gene expression mapping, Ou et al identified 179 biomarker overlapping protein candidates using 2DE/MS and microarray experiments using breast cancer cell lines [19] . Out of 179 initially identified proteins, 9 genes were confirmed when tested with microarray on breast tissue. Among the 9 markers validated on breast tissue, 1 biomarker was reconfirmed and 3 novel biomarkers were identified for the first time [19] . This case and that of β 2-microglobulin are examples of how a concerted effort utilizing both genomics and proteomics could be beneficial. The approach is dubbed "proteogenomics".
Proteomics: Evolving Technologies
Since proteins are involved in different cellular processes, an understanding of proteins inside the cell provides an insight into the cellular events The proteomics approach provides an unbiased high-throughput approach to identify differentially expressed proteins in the healthy and disease states. For this very reason, proteomic analysis for biomarker discovery has been extensively applied to many fields of biomedical research, including oncology, diabetes, renal and urine related diseases, and solid organ transplantation [20] [21] [22] [23] [24] [25] . A dramatic increase in the publications using proteomics has been observed similar to publications using microarrays.
The publication of human genome data along with the use of mass spectrometric techniques such as Matrix Assisted Laser Absorption Desorption Ionization Time of Flight (MALDI TOF) revolutionized our ability to identify proteins with the help of the database search engines. Analysis of tissue samples has led to the patterns of tissue-specific proteomes, or the set of proteins expressed in the cells of a particular organ system. Body fluids, such as cerebrospinal fluid (CSF), synovial fluid, and nipple fluid aspirates, have been used to identify protein signatures that differentiate samples with disease from healthy controls, and provide candidate proteins as surrogate biomarkers of disease. Blood and urine become more appealing candidates for their potential application in the clinical setting. Multiple groups have demonstrated the feasibility of urine proteomic studies by identifying reproducible patterns of normal urinary protein expression [20, 23, 26, 27] .
Gel based and gel free methods
Different proteomic methods are available for biomarker discovery efforts. Proteomic methods are broadly classified into gel-based and gel-free methods. Since the first publication from James O'Farrell using 2D gel electrophoresis (2 DE) in 1975, it remains one of the most popular platforms among the different proteomics platforms [28] . The increased reproducibility achieved with the use of immobilized pH gradient (IPG) strips and the use of mass spectrometry revolutionized the way proteins were resolved and identified. A new addition to conventional 2D gel electrophoresis is two dimensional difference gel electrophoresis (2D DIGE) in which as many as three fluorescently labeled protein samples can be analyzed in a single gel, thereby reducing gel-to-gel variation and increasing reproducibility [29] . Figure 3 presents an example of a DIGE experiment designed to identify possible protein markers for an AR episode. A DIGE gel was run to see the treatment response on the urinary proteins of renal patients who had undergone through biopsy proven acute rejection (AR) episode. The pooled urinary protein samples from AR patients were labeled with Cy3-Dye (green), and the pooled urine samples from post-AR patients were labeled with Cy5-Dye (red). The green spots represent the proteins with an elevated level in AR urine, whereas, the red spots represent the proteins with an elevated level at 3 months post-AR urine (Sigdel and Sarwal unpublished data). Proteins in red dye (highlighted in the inset A) can serve as potential markers for treatment response as their concentration increased dramatically after the treatment, and the green spots (seen in inset B) can serve as a potential biomarker for AR, as this protein disappear as a result of AR treatment response, and concentration for these proteins went down as treatment response. An inherent problem with this technology is the detection limit.
Among the available gel free technologies, surface enhanced laser desorption/ionizationtime of flight mass spectrometry (SELDI-TOF) has been used extensively in biomarker discovery studies [13, 21, 22] . This is rapid, easy to scale up, and generates patterns of peaks representing proteins and protein fragments, which then need to be identified using other technologies. Even though SELDI has been well standardized and commercialized for general use, and it is limited in its ability to discover the identity of key proteins in the disease processes directly. The second inherent problem with SELDI is its inability to look into a wider spectrum of proteome (i.e. > 15 kDa and < 4 kDa). These two limitations (namely protein identification and the relatively narrow working range) have forced researchers to seek other techniques that are better in both protein identification and in working range.
Development of electrospray ionization (ESI) and Matrix-assisted laser desorption/ ionization (MALDI) assisted in the application of mass spectrometry to analyze biological samples [30] . Several MALDI-TOF instruments are currently being used for the analysis of different biological samples. This non-exhaustive approach helps researchers to revisit samples loaded onto the MALDI plate more than once. Its broader m/z range because of its nature of ionization and relative longer ionization time have some disadvantages with the MALDI method as compared to ESI [31] . With its robustness and low detection limit, this gel-free method of proteomics, which is based on liquid chromatography coupled with mass spectrometry (LC-MS), has become increasingly popular in efforts to discover biomarker molecules [32] . The last ten years have seen a significant improvement in the development and use of LC-MS-based proteomics in biomarker discovery efforts.
For protein profiling purposes, several LC-MS platforms are being employed. Each platform uses some kind of protein fractionation or enrichment step. This step may include depletion of highly abundant proteins or the enrichment of proteins using a method of choice. Based on the nature of the sample and the need of the study, researchers may either use a custom designed depletion method or one of many commercially available depletion kits listed in the next section. Several strategies for urinary protein enrichment have been suggested. For our urinary proteomic study, we found centrifugal filtration followed by the depletion of the six most abundant plasma proteins from renal transplant patient useful [33] . The protein level of enrichment or depletion is usually followed by enzymatic digestion which is followed by another step either to enrich or fractionate the complex peptide mixture. A technique called "multidimensional protein identification technology" (mudPIT) analyzes small proteolytically digested peptides from complex biological samples and has become a popular "bottom-up" approach [34] . Here a 2D liquid chromatography separation is used prior to mass spectrometric analysis. By virtue of their charge and hydrophobicity, peptides then are separated, analyzed and identified by tandem MS. The first dimension is normally a strong cation exchange (SCX) column followed by a reverse phase chromatography (RP). Isoelectric focusing (IEF) [35] , free flow electrophoresis (FFE) [36] are other methods that employ peptide fractionation purpose. Specific peptide enrichment strategies are found to be useful in fractionating the complex samples such as Cysteinyl [37] or glycopeptides enrichment [38] . Application of such sample depletion, enrichment or fractionation has facilitated analysis of a complex protein mixture, which has been popularly known as "Shotgun Proteomics" [39] . The availability of highly sensitive mass spectrometers such as triple quadrupole MS instruments, and newer 2D linear ion trap instruments such as LTQ FT and LTQ-orbitrap, have facilitated peptide identification of thousands of proteins.
The ability to analyze intact proteins without any enzymatic digestion by the use of high-end mass spectrometers such as hybrid linear ion trap (LTQ)-orbitrap [40] and Fourier-transform ion cyclotron resonance mass spectrometry (FT ICR) has been reported which can provide an alternative to the gel based "top down" approach.
Quantitative proteomics using stable isotopes
Accurate quantification of proteins or peptides is not easy and often requires some method that utilizes tagging of samples with some stable isotope. Several approaches exist that have been used in quantitative proteomics. (1) Stable isotope labeling by amino acids in cell culture (SILAC). SILAC is a simple approach for incorporation of a label into proteins for MS-based quantitative proteomics. SILAC relies on metabolic incorporation of a given 'light' or 'heavy' form of the amino acid into the proteins being synthesized in two cell populations [41] . (2) Gygi et al introduced Iotope Coded Affinity Tags (ICAT) 1999 [42] . ICAT analysis provides information of relative amounts of cysteine-containing peptides in enzymatically digested protein samples. The relative abundance of tryptic peptide is then used to quantify the expression of the corresponding protein. This technique was later commercialized by Applied Biosystems as ICAT®. (3)Yet another addition among these techniques is iTRAQ™ Reagents by Applied Biosystems which uses isobaric labels which, upon fragmentation in MS/MS, gave rise to four unique reporter ions (m/z 114-117) [43] . This technique is based upon chemically tagging the N-terminus of peptides generated from the protein digests with the label consisting of reporter and balancer groups. The reporter is quantitatively cleaved during collision-induced dissociation (CID) to the quantity of a single peptide of known mass with as many as four different samples. This unique ability of analyzing more than two samples has been successfully exploited in different clinical samples [44, 45] [46] .
Apart from these isotope labeling methods; label free methods have also been used. Capillary electrophoresis coupled mass spectrometry (CE MS) has successfully been utilized in predicting the clinical outcome of congenital unilateral ureteropelvic junction obstruction in newborns as well as a biomarker discovery for urothelial cancer [22, 24] . A similar method, utilizing the peptides first fractionated by HPLC and followed by MALDI TOF analysis (LC MALDI), has been used to discover oral fluid biomarkers for oral cancer [47] . A summary of the applications of proteomics in the field of transplantation is summarized in Table 1 . A summary of currently popular proteomic methods and their strengths and concerns have been summarized in Table 2 .
Avoiding noise in proteogenomic datasets
The course of biomarker discovery can be the one (with microarray) or the other (with proteomics) or both as shown in Figure 4 . Given the heterogeneity of patient population and complexity of any subset of genome or proteome being interrogated, the task of biomarker search is daunting. To add to the complication, as reported by Mueller et al in a recent report, that the transcriptomic footprint could be continuous instead of dichotomous [48] . The presence of thousands of proteins and their concentration can span a dynamic range of at least 10 orders of magnitude, and only adds to the already complex proteomic sample [32] . Having a low signal to noise ratio is a well-recognized problem in these experiments.
Sophistication in automated data analysis software has resulted in minimizing the problem of background noise from hybridization and wash variables, but biological noise still remains a problem, specifically in samples where the signal level for the disease specific signatures can be relatively low. This was recently shown in a genomics study geared towards the discovery of peripheral blood biomarkers for graft rejection using whole blood analysis from PAXgene tubes [49] . The study reports how globin genes may interfere with biomarker discovery efforts for allograft rejection in peripheral blood samples.
Gel based proteomic techniques have a number of inherent issues of reproducibility and their high detection limit impedes the effort of detecting the low abundance protein biomarkers. The problem caused by masking of low abundance potential protein biomarkers in blood by high abundance plasma proteins was realized which led to the design and implementation of commercially generated depletion columns. Multiple Affinity Removal System columns Human 14, Human 7, Human 6 from Agilent Technologies designed to deplete 14, 7 and 6, the most abundant proteins among albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin, fibrinogen, alpha2-macroglobulin, alpha1-acid glycoprotein, IgM, apolipoprotein A-I, apolipoprotein A-II, complement C3, and transthyretin (http://www.chem.agilent.com). The ProteoPrep® 20 Plasma Immunodepletion Kit from Sigma-Aldrich is designed to specifically remove the 20 most abundant proteins from human plasma or serum (http://www.sigmaaldrich.com). The ProteomeLab IgY-12 High Capacity Proteome Partitioning kits from Beckman Coulter, Fullerton, CA are specifically designed to remove twelve highly abundant proteins (Albumin, IgG, Transferrin, Fibrinogen, IgA, α2-macroglobulin, IgM, α1-Antitrypsin, Haptoglobin, Orosomucoid, Apolipoprotein A-I, Apolipoprotein A-II) from the human/primate biological fluids such as serum and plasma. Apart from this issue of masking low abundance proteins, overloading of protein needs to be addressed. Several strategies have been tested that range from 1D fractionation to multidimensional fractionation. As mentioned in the previous section, depletion of high abundance proteins from blood and urine samples, enrichment of urinary proteins, and use of different fractionation techniques, such as SCX followed by RP, FFE and IEF , have been used to address the issue. Specific peptides enrichment methods such as Cysteinyl and glycopeptides have also been successfully used for this purpose.
Supercomputing of proteogenomic datasets
One of the strengths of the omic tools is that they have tremendous power to generate a large volume of data dealing with multiple samples at the same time very effectively. This strength has been very useful in a broad spectrum, ranging from the research trying to elucidate basic cellular events to translational research aimed at discovering biomarkers for diseases. In one such work, Shyamsunder et al performed microarray analysis on 115 human tissue samples representing 35 different tissue types, and using cDNA microarrays that represented approximately 26,000 different human genes [50] . The data obtained was not only useful in seeing a tissue specific gene expression across different tissue types, but also provided researchers with a set of deposited publicly available data for future analysis with slightly different queries. Such publicly available data repositories have already been used to ask questions pertaining to different health conditions. Using publicly available microarray, genetics, proteomics and gene knock-down data from human and other species, English et al reanalyzed data from individual experiments related to identification of obesity related biomarkers [51] . The authors report that such an approach in reanalyzing the data obtained from different high throughput experiments significantly improved the sensitivity, specificity and precision of the prediction of obesity-associated genes. In a recently published work Brouard, Mansfield et al [1] identified a panel of 49 peripheral blood transcriptional biomarker genes that are associated with renal allograft tolerance from a study that included 75 renal-transplant patients and 16 healthy individuals. The panel of genes has provided us with a so-called "tolerance footprint". A new clinical study, with an even larger cohort of patients, will have to be pursued in order to understand more about the onset of graft tolerance among transplant patients. With the use of the proteomic approach, a similar panel of proteins that can potentially be used as therapeutic targets has been discovered for multiple sclerosis (MS). It is selective for specific pathological stages [52] . This study used six multiple sclerosis (MS) patients and two controls to identify the targets. Liu et al, looking for serum biomarkers for colorectal cancer using SELDI used a discovery set (n = 122) and a test set (n = 99) [53] . Mao et al used a SELDI fingerprint analysis with 49 subjects for discovery and 24 subjects for an independent test set for renal allograft subclinical rejection [54] . Since these techniques are being developed presently, there is no existing preliminary data that can be utilized for sample size prediction, or power calculation purposes. With more data being generated, efficient data integration and analysis is expected to add to the biomarker discovery effort.
Other issues
One of the criticisms with the omic efforts in biomarker discovery is that very few biomarker molecules have been successfully applied in a clinical setting. There are several factors that contribute to this slow pace of clinical use for the identified potential biomarkers. (1) Lack of a gold standard in the classification of the disease condition and the lack of a proper normalization method to categorize the samples accurately. (2) There are different techniques available that monitor the level of mRNA transcripts or proteins. Different platforms have their own strengths and weaknesses. It has been an issue among researchers for sometime now about the methodology for normalizing the data across platforms without losing its biological relevance. For the microarray, the issue of platforms has been discussed extensively [55, 56] . (3) The methods available for use in discovery are slow and are limited by the number of samples run in a given time. Since the validation and verification step requires a much larger set of samples, it has now become the roadblock between the potential biomarkers for their verification and subsequent clinical use. (4) Because of the sensitivity of the methods being used and the method of sample preparation process (extraction, amplification, hybridization etc) there is no consensus on the threshold of significance. Usually, methods being employed for discovery use expensive and sophisticated instruments not suitable for a clinical setting since they are relatively expensive and require skilled personnel for their operation. A threshold set for such a technique may not hold true when the biomarker reaches the clinical testing method using a different technique.
Concluding Remarks
Due to the availability of human genome data and the relentless effort put towards building mapping and proteome databases such as Human Proteinpedia (www.humanproteinpedia.org) and human proteome initiative (http://www.expasy.org/sprot/hpi), proteogenomics presents one of the most attractive approaches towards discovering biomarkers for health issues including organ transplantation. Even though the discovery process is daunting because of the overwhelming presence of confounding factors and is compared to "a needle in proteome haystack". It is perhaps, the continuous nature of the disease presence rather than a dichotomous signal [48, 57] , the need for a better diagnostic and prognostic tool and treatment course has always remained a strong motivator. If the current trend of improvement continues, clinicians will soon have the means available to help them select a better therapeutic strategy specific to individual patients and a disease phenotype. Stringent attention to sample selection, processing, confounding variables, and data analysis will improve our chances for success over past attempts. Proper identification of biomarkers would make assessment of treatment efficacy and susceptibility to adverse events easier. The high throughput nature of proteogenomic approach has facilitated accumulation of large amount of informative data that will be instrumental in the discovery step, which will eventually complete the circle from data gathering and hypothesis generation to hypothesis validation and clinical application.
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